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Abstract—This paper proposes a novel design of an optical
wireless communications (OWC) receiver using a solar panel as
a photodetector. The proposed system is capable of simultaneous
data transmission and energy harvesting. The solar panel can
convert a modulated light signal into an electrical signal without
any external power requirements. Furthermore, the direct current
(DC) component of the modulated light can be harvested in the
proposed receiver. The generated energy can potentially be used
to power a user terminal or at least to prolong its operation
time. The current work discusses the various parameters which
need to be considered in the design of a system using a solar
panel for simultaneous communication and energy harvesting.
The presented theory is supported with an experimental imple-
mentation of orthogonal frequency division multiplexing (OFDM),
thus, proving the validity of the analysis and demonstrating the
feasibility of the proposed receiver. Using the propounded system,
a communication link with a data rate of 11.84 Mbps is established
for a received optical signal with a peak-to-peak amplitude of
0.7×10−3 W/cm2.
Index Terms—Solar panel, energy harvesting, optical wireless
communication (OWC), orthogonal frequency division multiplex-
ing (OFDM), receiver design.
I. INTRODUCTION
THE looming radio frequency (RF) spectrum crisis [1]has prompted researchers to look for alternative means
to conventional RF high-speed communication. As a result,
optical wireless communications (OWC), and in particular vis-
ible light communications (VLC), have been re-discovered as
promising new technologies [2]. They harness a part of the
electromagnetic spectrum that is entirely free from regulation,
safe and offers vast amount of bandwidth for wireless data
communication without any interference to existing radio com-
munication systems [3].
Light emitting diodes (LEDs) and photodiodes (PDs) are the
foremost candidates for transmitter optical front-end devices
[3]. In a commercially-deployed VLC system, an LED is envi-
sioned to serve the dual purposes of illumination and commu-
nication [3]. Two main types of off-the-shelf white LEDs are
available: 1) blue chip LEDs with a yellow phosphor layer on
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top [4], [5]; and 2) LEDs that consist of individual red-green-
blue (RGB) chips whose output is precisely mixed in order
to generate white light [6], [7]. The phosphor coating of the
first type of LED decreases the device’s modulation bandwidth
due to the relatively slow absorption and re-emission times of
yellow phosphor. That is why a narrow band blue filter is often
used at the receiver in order to eliminate the slow components
of the emitted spectrum. Using this technique, a data rate of
1 Gbps has been achieved with a white off-the-shelf phosphor
coated LED [4]. However, the increase in bandwidth comes at
a penalty in the received signal power due to signal filtering.
Therefore, RGB LEDs could present a better solution for high-
data-rate VLC. A data rate of 3.4 Gbps has been reported with a
white commercially-available RGB LED [7]. To the best of the
authors’ knowledge, Tsonev et al. have recently demonstrated a
record-setting 3 Gbps transmission using a single blue Gallium
Nitride light emitting diode with a diameter of 50 µm (µLED)
[8]. These results demonstrate the significant potential of OWC
for future high speed mobile communications.
On the receiver side, positive-intrinsic-negative (PIN) PDs
and avalanche photodiodes (APDs) are the most common pho-
todetectors in OWC systems due to their ability to provide high-
speed linear photodetection at practical illumination levels. PIN
PDs are diodes with a wide intrinsic semiconductor region in
between a p-type and an n-type semiconductor region, hence
the abbreviation used to refer to them. However, the disadvan-
tage of such photodetectors is that they require external power
to operate. This disadvantage could be overcome by using a
solar panel in place of the PD. The solar panel can directly
convert the optical signal to an electrical signal, without the
need of an external power supply. The use of a solar panel
instead of a conventional PD further simplifies the receiver
circuitry by removing the need for a transimpedance amplifier.
The modern solar cell was invented in 1954 at the Bell Labo-
ratories [9], [10], and since then has gone through three gener-
ations of development. Single-crystalline and multi-crystalline
silicon solar panels have a conversion efficiency of more than
20% and are currently dominant in the market [9], [11]. Thin-
film solar cells have a reduced cost compared to crystalline sil-
icon panels, but at a reduction in conversion efficiency down to
approximately 10% [12]. The current generation of solar panels
have up to 40% conversion efficiency at a cost comparable to
thin-film technology [12]–[15]. In this paper, a first-generation
multi-crystalline silicon solar panel is investigated in an indoor
environment. Energy harvesting in the RF domain has recently
received significant interest [16]–[18]. Its application is based
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Fig. 1. Solar panel model for energy harvesting.
on the idea that information and energy can be transmitted
simultaneously over the communication channel [19]. In the
context of the “Internet of Things,” it appears that this topic
is of particular relevance.
In this paper, we propose a set of steps which allow for the
analysis and the design of a solar-panel-based OWC receiver,
capable of simultaneous energy harvesting and communication.
Firstly, the well-known direct current (DC) model of a solar
panel is presented for the purposes of energy harvesting. The
derivation of all relevant parameters is described in detail.
Secondly, an alternating current (AC) model of the solar panel
for the purposes of communication is provided. The derivation
of all parameters from the AC model is described in detail.
Thirdly, a receiver circuit and general steps for the design of
a system with simultaneous energy harvesting and communi-
cation are proposed. Finally, the performance of the proposed
system is investigated in a practical experimental set-up. The
demonstrated data transfer reaches a rate of up to 11.84 Mbps.
This implies that every single device with an integrated solar
panel could potentially be used as a high speed data receiver.
The presented results could have great implications for the
connectivity of future self-powered smart devices which are
expected to become an integral part of the “Internet of Things.”
The rest of this paper is organized as follows. Section II de-
scribes the relevant solar panel models and proposes a receiver
circuit design for simultaneous energy harvesting and commu-
nication. Section III describes the derivation of the relevant
parameters for the presented models. Section IV discusses the
communication capabilities of the proposed receiver. The paper
gives concluding remarks in Section V.
II. PRINCIPLES OF OPERATION OF A SOLAR PANEL
FOR SIMULTANEOUS ENERGY HARVESTING
AND COMMUNICATION
A. A Solar Panel Model for Energy Harvesting
The DC model of a solar panel has been established and well
studied since the second half of the last century [10], [20]–[23].
The equivalent circuit model is illustrated in Fig. 1. The voltage
and the current at the output of the solar panel have a non-linear
relationship. This is modelled by a diode which is connected in
parallel to the photocurrent source IPH. The forward current of
the diode is denoted as ID. A shunt resistor RSH models leakage
current in the solar panel, and a series resistor RS represents the
internal voltage loss due to cell interconnections [23]. Using the
model in Fig. 1, the I–V characteristic of the solar panel could
be obtained as:
I = IPH − ID − (V + IRS)RSH , (1)
Fig. 2. Solar panel model for communication.
where V = RLI and
ID = I0 exp
[
(V + IRS)
nsVT
−1
]
. (2)
In (2), I0 is the reverse saturation current of the diode, nS is the
number of cells in the solar panel connected in series [21], and
VT is the junction thermal voltage of the diode, which is given by:
VT =
AkT
q
, (3)
where A is the diode ideality factor, k is Boltzmann’s constant,
T is the temperature in Kelvin and q is the electron charge [21].
The parameters nS, k, T , and q are known in advance, while
IPH, I0, A, RSH, and RS, are unknown parameters. They depend
on the overall light irradiance over the solar panel. A procedure
for determining their values is described in Section III-B.
B. A Solar Panel Model for Communication
For the purpose of communication performance modelling,
a solar panel model that captures the AC characteristics of
the device is required. Therefore, a modification of the model
from Section II-A is needed. As shown in Fig. 2, a capacitor
C is inserted in parallel with the shunt resistor RSH in order
to capture the internal capacitive effects of the solar cell. The
diode is replaced by its small-signal equivalent resistor r since
it is considered that the AC component of the light signal
has a small variation compared to the magnitude of the DC
component which sets the DC parameters of the solar panel. A
series inductor L is also added to model the inductance of any
wire connections to the solar panel [24], [25]. Since only the
AC component of the photo-generated current iPH(ω) is used
for communication, it is assumed that a capacitor C0 is added
before the load resistor RC to block the DC component of the
signal. The information signal is represented by the voltage of
the load resistor RC. Then, the frequency response of the solar
panel configuration for communication is given by:
∣∣∣∣ v(ω)iPH(ω)
∣∣∣∣
2
=
∣∣∣∣∣∣
RC
RX
1
r
+ 11
jωC
+ 1RSH +
1
RX
∣∣∣∣∣∣
2
, (4)
where ω is the angular frequency and j = √−1. RX is the
resistance that is parallel with RSH, which is given by:
RX = RS + jωL+ 1jωC0 +RC. (5)
In (4), parameters RSH and RS are set by the DC operation point
of the solar panel described in Section II-A. A procedure for de-
termining parameters r, C, and L is described in Section III-B.
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Fig. 3. Solar panel configuration for simultaneous energy harvesting and
communication.
C. A Solar Panel Model for Simultaneous Energy
Harvesting and Communication
In order to facilitate simultaneous communication and energy
harvesting with a solar panel, the receiver circuit shown in
Fig. 3 is proposed. The load RC and the capacitor C0 form the
communication branch. Another branch for energy harvesting
is added in parallel to the communication branch. The branch
for energy harvesting consists of an inductor L0 as the RF choke
and a resistor RL, which could be a battery in a real world
application. The inductor L0 is used to attenuate the AC signal,
thus removing ripples from the DC signal and at the same time
improving the gain in the communication signal. The frequency
response of the whole system in Fig. 3 could be evaluated as:
∣∣∣∣ v(ω)iPH(ω)
∣∣∣∣
2
=
∣∣∣∣∣∣∣
RLC
RS+ jωL+RLC
RC
1
jωC0 +RC
1
r
+ 11
jωC
+ 1RSH +
1
RS+ jωL+RLC
∣∣∣∣∣∣∣
2
. (6)
In (6), RLC is the resistance of the parallel network after the
inductor L and is calculated as:
RLC =
1
1
jωL0+RL +
1
1
jωC0 +RC
. (7)
Note that the photocurrent consists of both the DC and AC sig-
nal components, i.e., IPH and iPH (ω). The DC component IPH is
blocked by the capacitor C0, and only passes through the energy
harvesting branch. The AC component iPH (ω) passes through
both branches. However, in the branch for energy harvesting, it
is highly attenuated by the inductor L0. Therefore, most of the
AC component passes through the branch for communication
provided L0 and RL are sufficiently large in comparison to 1/C0
and Rc.
D. Noise Analysis
When designing a communication system, noise contribution
factors should be analysed as well. Three main contributors of
noise are expected in the described system. First, the optical-
to-electrical conversion in the solar panel generates shot noise.
The second noise component is thermal additive white Gaussian
noise (AWGN) caused by the resistors within the receiver
system. The third noise component that has to be considered is
caused by the non-linear relationship between light and current
in the solar panel.
1) Shot Noise: Due to the fact that intensity modulation/
direct detection is used in the proposed communication system
and due to the fact that the area of the employed solar cell
collects a large number of photons, this noise component can
be modelled as AWGN [26]. In the equivalent-circuit diagram
presented in Fig. 3 this noise component would appear as a
current source in parallel to the current source of the solar
panel. The noise source would generate random current val-
ues with Gaussian distribution and a power spectral density
(PSD) profile which is flat for all practical considerations.
The output of this noise source is subjected to the frequency
profile of the subsequent circuit elements and experiences the
same frequency gains that the information signal experiences,
as described by (6). The one-sided PSD of the shot noise,
expressed in A2/Hz, is calculated as [26]:
Nsho = 2qρΦa, (8)
where Φa is the average light irradiance over the receiver
area (including ambient light), ρ is the optical-to-electrical
conversion efficiency of the solar panel expressed in A/W, and
q = 1.60217657×10−19 C is the charge of an electron.1
2) Thermal Noise: Thermal noise is generated by each of
the five resistors presented in Fig. 3. It can be modelled as
a voltage source which appears in series with the respective
resistor whose noise it represents. For example, the equivalent
circuit, which can be used to calculate the noise contribution of
resistor Rc from Fig. 3 is presented in Fig. 4(a). The power spec-
tral density of the signal generated by Vc(ω) can be calculated
as [26]:
Ntho,Rc = 4kT Rc (9)
where T is the resistor temperature in Kelvin, k = 1.3806488×
10−23 J/K and Rc is in ohms. The contribution of Vc(ω) to the
PSD of the noise at the output (over the resistor Rc) can be de-
termined by multiplying (9) by the inductor-resistor-capacitor
(LRC) gain that the noise signal from Vc(ω) experiences in the
receiver circuit:
|hRc(ω)|2=
∣∣∣∣ v
c
c(ω)
Vc(ω)
∣∣∣∣
2
=
∣∣∣∣∣∣∣
Rc
Rc+ 1jωC0 +
1
1
R1,C
+ 1RL+ jωL0
∣∣∣∣∣∣∣
2
, (10)
where
R1,C =
1
1
1
1/r+ jωC+1/RSH +Rs+ jωL
+ 1RL+ jωL.0
.
Similarly, the equivalent circuit which represents the contribu-
tion of resistor RSH to the overall noise variance at the output is
1In this calculation, it is assumed that the relationship between incident light
and generated electrical current is linear. In reality, this is not entirely true and
leads to the non-linear distortion put forward in the rest of this subsection.
Furthermore, it is assumed that the DC component of the received light (due
to the information signal and due to ambient light) is much stronger than the
AC components where the information is encoded. If this is not true, then the
shot noise would be correlated to the information signal, but for a large number
of received photons in intensity modulation/direct detection systems its effect
on the system performance is likely to be insignificant.
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Fig. 4. Noise-equivalent circuits for the different thermal-noise contributors
in the receiver system. (a) Noise-equivalent circuit for resistor RC. (b) Noise-
equivalent circuit for resistor RSH. (c) Noise-equivalent circuit for resistor
RL. (d) Noise-equivalent circuit for resistor r. (e) Noise-equivalent circuit for
resistor RS.
presented in Fig. 4(b). The power spectral density of the signal
generated by VSH(ω) can be calculated as:
Ntho,RSH = 4kT RSH. (11)
The LRC gain that the noise signal from VSH(ω) experiences in
the receiver circuit can be calculated as:
|hRSH(ω)|2=
∣∣∣∣ v
SH
c (ω)
VSH(ω)
∣∣∣∣
2
=
∣∣∣∣∣
R2,RSH
RSH+R2,RSH
× R1,RSH
R1,RSH+Rs+ jωL
× Rc
Rc+ 1jωC0
∣∣∣∣∣
2
,
(12)
where
R1,SH =
1
1
Rc+ 1jωC0
+ 1RL+ jωL0
,
and
R2,SH =
1
1
jωL+Rs+R1,SH +
1
r
+ jωC .
The equivalent circuit which represents the contribution of re-
sistor RL to the overall noise variance at the output is presented
in Fig. 4(c). The power spectral density of the signal generated
by VL(ω) can be calculated as:
Ntho,RL = 4kT RL. (13)
The LRC gain that the noise signal from VL(ω) experiences in
the receiver circuit can be calculated as:
|hRL(ω)|2 =
∣∣∣∣ v
L
c (ω)
VL(ω)
∣∣∣∣
2
=
∣∣∣∣∣
Rc
Rc + 1jωC0
× R3,L
RL +R3,L + jωL0
∣∣∣∣∣
2
, (14)
where
R3,L =
1
1/R1,L +1/R2,L
,
R2,L =Rc +
1
jωC0 ,
and
R1,L =
1
1/r+ jωC+1/RSH +Rs + jωL.
The equivalent circuit which represents the contribution of
resistor r to the overall noise variance at the output is presented
in Fig. 4(d). The power spectral density of the signal generated
by Vr(ω) can be calculated as:
Ntho,r = 4kT r. (15)
The LRC gain that the noise signal from Vr(ω) experiences in
the receiver circuit can be calculated as:
|hr(ω)|2 =
∣∣∣∣v
r
c(ω)
Vr(ω)
∣∣∣∣
2
=
∣∣∣∣∣
R2,r
r+R2,r
× R1,r
R1,r +Rs + jωL ×
Rc
Rc + 1jωC0
∣∣∣∣∣
2
,
(16)
where
R1,r =
1
1
Rc+ 1jωC0
+ 1RL+ jωL0
,
and
R2,r =
1
1
jωL+Rs+R1,r +
1
RSH
+ jωC .
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The equivalent circuit which represents the contribution of re-
sistor Rs to the overall noise variance at the output is presented
in Fig. 4(e). The power spectral density of the signal generated
by Vs(ω) can be calculated as:
Ntho,Rs = 4kT Rs. (17)
The LRC gain that the noise signal from Vs(ω) experiences in
the receiver circuit can be calculated as:
|hRs(ω)|2 =
∣∣∣∣v
s
c(ω)
Vs(ω)
∣∣∣∣
2
=
∣∣∣∣∣
R2,s
Rs + jωL+R1,s +R2,s ×
Rc
Rc + 1jωC0
∣∣∣∣∣
2
, (18)
where
R1,s =
1
1/r+ jωC+1/RSH ,
and
R2,s =
1
1
jωL0+RL +
1
Rc+ 1jωC0
.
The overall PSD of the thermal noise at the output can be
calculated as:
Ntho (ω) = |hRC(ω)|2Ntho,RC + |hRSH(ω)|2Ntho,RSH
+ |hRL(ω)|2Ntho,RL + |hr(ω)|2Ntho,r + |hRC(ω)|2Ntho,RC , (19)
and the variance of the thermal noise can be calculated by
integrating Ntho (ω) within the bandwidth of the receiver system.
3) Non-Linear Distortion: Non-linear distortion is often not
trivial to model and its effects have to be evaluated in relation to
the specific modulation scheme that is used for communication.
The theoretical approach for modelling non-linear distortion in
OWC is still an open subject of investigation. As a result, the
current manuscript adopts an empirical approach developed by
the authors for evaluating the effects of the non-linear distortion
on the system performance. This approach is presented in
Section IV.
III. ESTIMATION OF SYSTEM PARAMETERS
A. LED Light Parameters
The parameters of the solar panel model change with varia-
tions in the irradiance. Hence, in order to evaluate the frequency
response and thereby the communication performance of the
solar panel, the light irradiance should be established first. In
this experiment, the VESTA 165 mm down-lighter is used as
the LED transmitter, and the irradiance is measured by using
a commercial spectral irradiance receiver, Labsphere E 1000,
with a 1-cm2 concentrator. The size of the solar panel, British
Petroleum SX305M, is 432 cm2 (24 cm × 18 cm). This is
much larger than the active receiver area of the spectral ir-
radiance receiver. Therefore, the average light irradiance over
the solar panel is estimated in a semi-analytical fashion by
using measurements as well as the radiation pattern of the LED
source. The LED radiation is assumed to follow a generalized
Lambertian pattern [26]–[28]. The optical channel gain, G, in
an OWC system is given by:
G = (m+1)S
2πd2 cos(φ)
m cos(ψ), (20)
where m is the order of the Lambertian radiation pattern; S is
the physical area of the photodetector; d is the transmission
distance; φ and ψ are the radiation and incidence angles, respec-
tively. Note that the LED’s front panel is set to be parallel with
the spectral irradiance receiver and with the solar panel in the
following experiments. Hence, the radiation and the incidence
angles in (20) are identical. Therefore, the measured irradi-
ance Ir is proportional to cosm+1(φ) and inversely proportional
to d2, i.e.:
Ir ∝
cos(φ)m+1
d2 . (21)
Using (21) and a set of measurements, the parameter m can
be obtained by solving a system of equations for the irradiance
pattern Ir. Two sets of measurements are carried out. In the first
set, the distance between the LED and the spectral irradiance
receiver is fixed, and then the spectral irradiance receiver is
moved horizontally away from the center axis of the LED. The
corresponding irradiance is measured. The normalized irradi-
ance in this measurement is presented in Fig. 5(a)–(c), where
the transmission distance is set to 75 cm, 85 cm and 95 cm,
respectively. In the second measurement set, the spectral ir-
radiance receiver is well aligned with the LED without any
horizontal shift, and then the irradiance is measured as the trans-
mission distance is varied from 65 cm to 95 cm. The normalized
irradiance in this measurement is shown in Fig. 5(d). Based on
the measured irradiance data sets, the corresponding parameter
m is estimated to be 11.14. As shown in Fig. 5, the measured
and the theoretical irradiance match well in all of the four cases.
Hence, by using the spectral irradiance receiver, the irradi-
ance at the center of the solar panel could be measured when the
solar panel is well aligned with the LED source. The irradiance
at any other point on the solar panel can be derived according to
(21) using the estimated parameter m. In this way, the average
irradiance over the entire solar panel can be estimated. Note
that in the following parts of this paper, irradiance refers to the
average irradiance over the entire solar panel unless explicitly
stated otherwise.
B. Solar Panel Parameters
According to Fig. 3, five parameters of the solar panel—RSH,
RS, r, C and L—need to be obtained before the performance can
be analysed. Two procedures are carried out to obtain estimates
for the five parameters. First, the I–V characteristics of the
solar panel under various light irradiance levels are measured.
The parameters RSH and RS can be obtained by plugging in
the measurement I–V data into (1) and solving the resulting
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Fig. 5. Normalized light irradiance under various measurement scenarios.
(a) Normalized irradiance vs. horizontal shift of the spectral irradiance receiver
at a transmission distance of 75 cm. (b) Normalized irradiance vs. horizontal
shift of the spectral irradiance receiver at a transmission distance of 85 cm.
(c) Normalized irradiance vs. horizontal shift of the spectral irradiance receiver
at a transmission distance of 95 cm. (d) Normalized irradiance vs. transmission
distance for horizontal alignment of the LED and the spectral irradiance
receiver.
system of equations. Afterwards, the frequency response of
the solar panel is measured as a function of the load RC for
the configuration in Fig. 2. The parameters r, C and L can be
Fig. 6. Measured and fitted I–V curves of the solar panel under var-
ious light irradiance. From top to bottom, the light irradiance levels
are: 1.184 × 10−2 W/cm2, 8.291 × 10−3 W/cm2, 5.922 × 10−3 W/cm2,
4.401× 10−3 W/cm2, 3.383× 10−3 W/cm2, 2.186× 10−3 W/cm2, 1.561×
10−3 W/cm2.
Fig. 7. Estimated P–V curves of the solar panel under various light irradiance
levels. Star: maximum power point. From top to bottom, the light irradiance
levels are: 1.184×10−2 W/cm2, 8.291×10−3 W/cm2, 5.922×10−3 W/cm2,
4.401× 10−3 W/cm2, 3.383× 10−3 W/cm2, 2.186× 10−3 W/cm2, 1.561×
10−3 W/cm2.
estimated similarly to RSH and RS by making use of (4) and the
set of frequency response measurement data.
Seven I–V curves for the solar panel are measured under
light irradiance levels ranging from 1.561 × 10−3 W/cm2 to
1.184×10−2 W/cm2. Fig. 6 summarizes the results. The seven
measured curves have similar trends. Using (1), a non-linear
system of equations has been solved for the seven sets of
I–V measurement data employing a least-square-error fitting
method and numerical optimization techniques. With this ap-
proach, RSH and RS are estimated to be 20 kΩ and 1 Ω,
respectively. The theoretical estimates of the I–V curves based
on (1) and on the estimated values for RSH and RS show a very
good match with the measured curves. This suggests that it can
be safely assumed that the values of RSH and RS are constant
within the irradiance interval [1.561× 10−3 W/cm2; 1.184×
10−2 W/cm2]. Hence, the small-signal model is applicable for
an optical AC signal with optical intensity which falls within
the interval [1.561×10−3 W/cm2; 1.184×10−2 W/cm2].
A set of experimentally estimated power-voltage (P-V) en-
ergy harvesting curves for the solar panel as well as the corre-
sponding maximum power points under various light irradiance
levels are shown in Fig. 7. The measurements are taken by
varying the value of RL at each irradiance level. We can see that
when the light irradiance is 1.561×10−3 W/cm2, which is the
bottom curve in Fig. 7, the load RL that achieves the maximum
output power is 4.6 kΩ. When the light irradiance is increased
to 1.184× 10−2 W/cm2, the corresponding load for achieving
the maximum output power is decreased to 1.3 kΩ. Therefore,
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Fig. 8. Frequency response of the communication circuit for various values of
RC. Marker: Measurement; line: Fitting. (a) C0 = 1 µF. (b) C0 = 100 nF.
it seems that the optimal load for energy harvesting decreases
as the light irradiance on the overall solar panel increases. It
should be kept in mind that irradiance in this case signifies
the average irradiance of the light incident on the solar panel.
Hence, the optimum load RL for the configurations in Figs. 1
and 3 should be selected based on the estimated P-V curves and
based on the ambient light levels as well as the DC component
of the optical information signal.
The frequency response of the solar panel configuration
presented in Fig. 2 is measured for different values of RC in
the range from 10 Ω to 500 Ω and for different values of C0
in the range from 100 nF to 1 µF. Afterwards, the values of
r, L and C are estimated by solving (4) simultaneously for
all the values from the measurements. Note that the average
light irradiance over the solar panel in this measurement is
3.619×10−3 W/cm2, which is within the irradiance range used
in the I–V curve measurements. Hence, the estimated values of
parameters RSH and RS can be assumed constant and applied
directly in the current estimation procedure. Fig. 8 shows that
the measured frequency response values match well with the
theoretical predictions based on the estimated values of r =
720Ω, C = 34 nF and L = 120 nH. From the results in Fig. 8(a)
and (b) it can be concluded that as the resistor RC increases,
the overall gain of the frequency response increases. However,
the corresponding 3-dB bandwidth decreases, i.e., the channel
response becomes steeper and the gain in the high frequencies
deteriorates more relative to the gain in the low frequencies.
In addition, as the capacitor C0 increases, the channel response
in the low frequency range is improved. Hence, the use of a
larger capacitor C0 would reduce the DC-wander effect as the
loss of low frequency components is reduced. This is beneficial
to the performance of single-carrier modulation schemes such
as on-off keying (OOK) and M-ary pulse-amplitude modulation
Fig. 9. Frequency response of the solar panel for both energy harvesting
and communication, with various values of inductor L0. The other relevant
parameters are set to RL = 1000Ω, RC = 500Ω. (a) C0 = 1 µF. (b) C0 = 100 nF.
M-PAM. However, in the high frequency range, a higher value
for C0 translates into a reduction of the gain, which overall can
effectively deteriorate the frequency response of the system.
C. Frequency Response of the Solar Panel for Simultaneous
Energy Harvesting and Communication
After all the necessary parameters—RSH, RS, r, C, and L,
depicted in Fig. 3, have been obtained, they can be applied in
(6) to evaluate the frequency response of the solar panel for the
purpose of simultaneous energy harvesting and communication.
As already described in Section III-B, the optimal load RL for
energy harvesting is determined by the light irradiance on the
overall solar panel. Since the capacitor C0 in the communication
branch blocks the DC component and the inductor L0 passes
the DC component without attenuation, the optimal value of
resistor RL is the optimal value estimated in Section III-B for
the configuration in Fig. 1.
The effects of capacitor C0 and resistor RC have already
been described in Section III-B. The effect of inductor L0 is
illustrated in Fig. 9. The values of L0 are varied from 10 mH
to 1 H. The exact effect of L0 depends on the values of the
other parameters. However, the overall trend indicates an im-
provement of the channel response in the low frequencies as the
inductance value of L0 increases. This occurs because the larger
the inductor value is, the more ability it has to block the AC
signal, which is then channelled through the communication
branch. For the high frequencies, the channel response does not
seem to change significantly with L0.
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Fig. 10. Experimental setup.
IV. COMMUNICATION RESULTS
An experimental procedure has been set up in order to
verify the communication properties of the solar-panel-based
receiver described in this work. A diagram describing the ex-
perimental setup can be found in Fig. 10. A discrete orthogonal
frequency division multiplexing (OFDM) signal is generated
through MATLAB with a series of steps that include: pseudo-
random bit generation, M-ary quadrature amplitude modulation
(M-QAM), adaptive bit and energy loading, inverse fast Fourier
transform (IFFT), oversampling and pulse shaping. The sam-
ples of the OFDM signal are passed onto an arbitrary waveform
generator (AWG), Agilent 81180A, which supplies a custom-
built transmitter circuit with an analog waveform, suitable to
modulate the light source. The solar panel captures the emitted
light from the transmitter and generates an electrical signal.
The latter is decoupled in the receiver circuit from Fig. 3,
where the DC component is dissipated through the energy-
harvesting load while the communication signal over RC is
buffered with a voltage amplifier and passed to an oscilloscope,
Agilent MSO7104B. The latter performs the digital to analog
conversion. The digitized signal is retrieved from the oscil-
loscope and processed back in MATLAB through a series of
steps that include: synchronization, matched filtering, down-
sampling, fast Fourier transform (FFT), channel estimation,
equalization, and M-QAM demodulation.
OFDM has been selected as a modulation scheme because
it allows for the investigation of the communication properties
in individual frequency bands, which is highly beneficial for
the analysis of a system with a non-flat frequency profile. The
adaptive bit and energy loading algorithms for OFDM allow the
non-flat communication profile to be exploited in an optimal
fashion, approaching the channel capacity [29]. The relevant
OFDM parameters are: 1) FFT size of Nfft = 1024, which
means that only 511 subcarriers can be modulated with unique
information because Hermitian symmetry has to be imposed
in the frequency domain in order to generate a real time-
domain OFDM frame [29], [30]; 2) cyclic prefix size of Ncp =
10; 3) single-sided communication bandwidth of B = 2 MHz;
4) digital clipping of the OFDM signal at −3.2σs and 3.2σs,
where σs is the standard deviation of the time-domain OFDM
signal, in order to limit any high peaks, typical for the OFDM
signal; 5) root-raised cosine (RRC) pulse shaping with an
oversampling factor of 4.
In order to enable the adaptive bit and energy loading proce-
dure, the communication channel has to be known in advance.
Therefore, a suitable channel estimation technique is required.
The received signal is assumed to take the following form:
Sr( f ) = H( f )St( f )+Nsh( f )+Nth( f ), (22)
where H( f ) denotes the complex channel gain as a function of
frequency, St( f ) is the frequency component of the transmitted
signal, Nsh( f ) denotes the AWGN contribution of the shot
noise, and Nth( f ) is the AWGN realization of the thermal noise.
The communication channel combines the effects of all linear
elements in the communication system, i.e.,
H( f ) = Ht( f )Ho( f )ρHLRC( f ), (23)
where Ht( f ) is the frequency response of the transmitter circuit
including any amplification gains as well as electrical-to-optical
conversion gains, Ho( f ) is the gain of the optical channel due
to light propagation, ρ is the responsivity of the solar panel in
A/W and HLRC( f ) is the frequency response of the LRC circuit
in Fig. 3. The conversion from an optical signal to an electrical
signal is assumed to be linear at first. The experiment is set up
in a line-of-sight (LOS) configuration and the transmitter has
been designed to have a flat response within the communication
bandwidth of DC to 2 MHz. Therefore, it can be assumed that
the non-flat frequency profile of the communication channel is
entirely due to the frequency profile of the solar cell.
Two estimation techniques have been applied in order to
thoroughly characterize the communication channel. In the first
technique, multiple copies of an OFDM pilot frame, assumed
to be known at the receiver, are transmitted in a sequence. The
AWGN is zero-mean, so if N copies of the pilot frame are sent
to the receiver, the channel can be estimated with a conventional
mean estimator as:
ˆH( f ) = ∑
N
i=1 Sir( f )
NSt( f ) . (24)
The noise variance, i.e., the noise energy, can be estimated
with a conventional variance estimator as:
σˆ2n( f ) =
∑Ni=1
∣∣Sir( f )− ˆH( f )St( f )∣∣2
N −1 . (25)
In the rest of this paper, the currently presented channel and
noise estimation technique is called Estimator I. The channel
gain and the noise variance are sufficient quantities in order to
estimate the achievable signal-to-noise ration (SNR) on each
frequency subcarrier, which in turn, determines the information
which can be successfully encoded. One thing to note, however,
is the inherent non-linearity of the OWC channel. Nonlinear
distortion occurs in the digital-to-analog conversion process, in
the transition from an electrical signal to an optical signal in the
LED transmitter as well as possibly in the transition from an op-
tical signal to an electrical signal in the solar cell. The digital-to-
analog converter (DAC) in the AWG has high precision (12 bits)
and the LED transmitter is operated in a range which makes any
non-linear distortion from this element negligible. Therefore,
the assumption can be made that the non-linear distortion in
the system would be mainly caused by the solar panel. Let’s
assume that the time-domain information signal right after the
optical-to-electrical conversion has the following form:
sˆr(t) = z(ho(t)∗ht(t)∗ st(t)) , (26)
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Fig. 11. Predicted channel gain vs. experimentally estimated channel gain for different values of the resistor RC. (a) Theoretically predicted channel gain.
(b) Experimentally estimated channel gain.
where z(·) denotes the non-linear optical-to-electrical conver-
sion in the solar panel, ∗ is the convolution operator, ht(t) and
ho(t) denote the impulse responses of the transmitter circuit
and the optical communications channel, respectively. A time-
domain non-linear distortion of an OFDM signal translates into
an SNR penalty in the frequency domain [29], [30]. Estimator I
works well in a linear AWGN channel. However, if significant
non-linear distortion is present in the system, the presented
estimator is unable to capture its effect. This occurs because
(24) actually estimates:
ˆH( f ) = HLRC( f )F{sˆr(t)}
St( f ) =
H( f )St( f )+d( f )
St( f ) , (27)
rather than the desired communication channel frequency re-
sponse H( f ). In this equation, F{·} denotes the FFT operation
and d( f ) denotes the non-linear distortion term in the frequency
domain. For very strong non-linear distortion, the distortion
term could lead to significantly impaired channel estimation.
This effect also compromises the noise estimation technique
presented in (25), because the non-linear distortion term does
not contribute to the estimated noise variance. Hence, in high
SNR regions, where the non-linear distortion limits the perfor-
mance, the estimated SNR using Estimator I will be inaccurate.
Therefore, a second estimation technique, named Estimator II,
has been adopted in conjunction with Estimator I. In this
technique, different realizations of a pilot frame are sent one
after the other rather than the same copy being sent multiple
times as in the previous channel estimation technique. Then,
the frequency profile of the channel can be estimated as:
ˆH( f ) = 1
N
N
∑
i=1
Sir( f )
Sit( f )
=
1
N
N
∑
i=1
H( f )(Sit( f )+di( f ))
Sit( f )
. (28)
Clearly, in this case, not only the AWGN is averaged out
during the channel estimation, but the non-linear distortion as
well. Hence, the channel estimation is expected to be more
accurate in the presence of non-linear distortion. Furthermore,
this technique improves the noise variance estimation as well,
since the distortion term now contributes to the sum in (25). In
a lot of practical scenarios, where the non-linearity distortion is
significant, but still much lower than the signal energy, applying
both techniques can be beneficial for evaluating the amount of
non-linear distortion in the system. An experimental measure-
ment has been conducted with a 4-QAM OFDM signal for a
range of values of the parameter RC. This parameter influences
the channel gain of the receiver circuit the most as predicted
in Section III-B and III-C. The other relevant parameters have
been set to C0 = 1 µF, L0 = 10 mH and RL = 1000 Ω in the
experiment. Fig. 11 presents the estimated channel gain from
the OFDM experiment in comparison to the projected channel
gain using the theoretical framework from Section III. The
curves in all three cases are in good agreement with an absolute
difference of no more than 2 dB at each frequency point. The
slight tipping of the estimated curves around 2 MHz is caused
by the application of a passive low-pass filter, Mini Circuits
SLP−50+, before the input to the oscilloscope in order to filter
out some of the excess AWGN.
Fig. 13(a) presents an experimental estimation of the channel
gain for RC = [1 Ω,5 Ω,10 Ω,50 Ω,100 Ω]. Estimator I
and Estimator II provide very similar results with negligible
variations in the curves. Nevertheless, a close inspection reveals
that Estimator I produces smoother curves. Therefore, some
non-linearity is present in the system.
The achievable received SNR is also estimated in this ex-
periment. Before the discussion of the results obtained through
Estimator I and Estimator II and presented in Fig. 13(b), it is
worth to discuss the expected achievable SNR values.
Based on the data presented in Fig. 6 and the equivalent
circuit presented in Fig. 1, the responsivity of the solar panel
can be estimated to ρ ≈ 4.5 mA/W, which is low due to the
low efficiency of the cell at these illumination levels. However,
given the large area of the solar panel (432 cm2) and the peak-
to-peak swing of the received optical signal, which is measured
at around 0.7× 10−3 W/cm2, the received information signal
has a swing in the order of 1.36 mA. As already described at
the beginning of this section, the information signal is clipped
at −3.2σs and 3.2σs, which makes the standard deviation of
the received signal ≈ 212.5 µA. Hence, the variance of the
information signal is 4.52× 10−8 A2. The variance of the shot
noise can be estimated using (8). For reasons of simplicity, let’s
assume that the receiver system bandwidth is limited by the
applied low-pass filter, i.e., B = 50 MHz (in reality, it would
be lower due to the limited response of the receiver circuit and
due to the limited response of the applied buffer amplifier). The
average intensity over the solar panel is measured at ≈ 3.65×
10−3 W/cm2. Therefore, the variance of the shot noise can be
calculated as σ2shot = BNshoto = 1.14× 10−13 A2. Therefore, if
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Fig. 12. Theoretical estimation of the different thermal noise components in
the receiver system. (a) Thermal noise PSD. (b) Thermal noise LRC gain.
shot noise is the main contributor to the noise in the system, the
estimated SNR is expected to be at least in the range of 56 dB
and the estimated SNR profile is expected to be approximately
flat since the only part of the system with a non-flat frequency
response is the LRC circuit at the receiver which attenuates the
information signal and the shot noise equivalently.
The variance of the thermal noise can be estimated using
(19). Since each noise component is subjected to a different
LRC gain before it reaches the output, it is interesting to
investigate how the different noise components influence the
output. The power spectral density of each noise component for
Rc = 50 Ω is presented in Fig. 12. The value of Rc = 50 Ω
is selected because it happens to give the highest communi-
cation rates as presented later in this section. The results in
Fig. 12(a) clearly show that the main noise contribution, which
dominates the noise PSD comes from Rc. Even though the other
resistors have higher values, their noise components experience
significantly higher attenuation due to the LRC circuit. The
LRC gain factors are presented in Fig. 12(b). The only noise
source, which experiences LRC attenuation comparable to the
attenuation for Rc, is Rs. However, its value is only 1 Ω. If
the value of Rc is set in the vicinity of 1 Ω, then Rs is also
going to begin contributing significantly to the thermal noise
in the system. Another interesting observation to make is that
the PSD of the thermal noise appears flat at the output for a
large range of frequencies. This means that an additional low-
pass filter should be included at the output of the receiver circuit
in order to limit the variance of the thermal noise. Using (19),
the variance of the thermal noise over a bandwidth of 50 MHz
Fig. 13. Experimental SNR estimation for OFDM using Estimator I and
Estimator II. (a) Estimated channel. (b) Estimated SNR.
is ≈ 5×10−11 V2. Using (6), the LRC gain to the information
signal variance can be estimated at around 1.94×103 at the low
frequencies, which makes the information signal variance at the
output (over Rc) approximately 4.52×10−8 A2 ×1.94×103 =
8.77 × 10−5 V2. The frequency response of the LRC circuit
which affects the information signal is not flat. However, in the
lower frequencies, where the attenuation is small, the expected
SNR due to the thermal noise should be in the vicinity of at
least 60 dB and should slowly drop following the channel gain
profile presented in Fig. 13(a).
The SNR values estimated during the experiment are pre-
sented in Fig. 13(b). All SNR curves estimated with Estimator
I tend to follow the estimated channel impulse response for the
respective configuration of Rc. It is interesting to note that in
terms of absolute value, the estimated SNR curves are lower
than predicted by theory. This occurs because the noise at
the input of the oscilloscope tends to dominate the shot noise
and the thermal noise components. Despite being tuned for
precise measurements, oscilloscopes usually have very high
bandwidth—1 GHz for the Agilent MSO7104B. The SNR
curves estimated with Estimator II reveal a more interesting
result. As the signal is amplified, due to the higher values
of Rc, the non-linearity slowly becomes the dominant noise
factor. For Rc > 10 Ω, the SNR is limited by the non-linear
distortion and cannot reach more than ≈27 dB. The result
leads to an interesting conclusion. Very high SNRs can be
expected for large-sized solar cells. However, the non-linear
distortion is likely to limit the system performance. Therefore,
for communication purposes, the size of the solar cell should
not be bigger than the cell-size which allows the system to
1622 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 33, NO. 8, AUGUST 2015
Fig. 14. Maximum experimentally achieved data rate.
reach the maximum SNR allowed by the non-linear distortion.
A bigger cell would only lead to a worse frequency response
without any improvement in the achievable SNR.
An estimate of the achievable SNR can be obtained in a
purely experimental fashion, as presented in this section, or
in an analytical way using the theory from Section II and
Section III. Afterwards, the M-QAM analytical formula for
bir error rate (BER) calculation as a function of SNR can be
used for accurate estimation of the achievable data rate in an
OFDM scenario. The formula can be used to establish the
maximum constellation size that can be modulated on each
OFDM subcarrier for a target BER. This approach has been
adopted in the current work. Following the work of Levin [31],
an adaptive bit and energy loading algorithm has been designed
based on the analytical formula for the M-QAM performance.
An experimental measurement has been conducted for a range
of values of the parameters RC and C0. The maximum data rate
achieved experimentally with M-QAM OFDM is presented in
Fig. 14. The parameters L0 and RL do not seem to influence
the communication performance significantly as predicted
in Section III-C. They have been set to L0 = 10 mH and
RL = 1000 Ω during the experiment. The amplitude swing of
the received optical signal varies between 3.3× 10−3 W/cm2
and 4× 10−3 W/cm2, i.e., the peak-to-peak amplitude swing
is 0.7× 10−3 W/cm2—well-within the assumed small-signal
range. The target BER has been selected at <2× 10−3—well-
within forward error correction limits [32]. As predicted by the
analysis from Section III-B, increasing the value of C0 improves
the channel gain and so the data rate. The effect, however,
quickly levels off at around C0 = 100 nF, again consistent with
the analysis. The data rate increases with the resistor RC up until
RC = 50 Ω, after which, it decreases for RC = [100 Ω,500 Ω].
The maximum data rate of 11.84 Mbps with a BER of
1.6× 10−3 was achieved for RC = 50 Ω in combination with
C0 = 10 nF. At that point, the power over RL = 1000 Ω
was measured at ≈ 30 mW. The result is consistent with the
power levels measured under similar illumination conditions.
Therefore, the use of the solar panel for communication
purposes does not limit its energy harvesting capabilities.
V. CONCLUSION
This paper proposed a novel receiver for optical wireless
communication using a solar panel as the photodetector. The
solar panel can convert the modulated light into an electrical
signal without the need for a power supply. Under this scheme,
simultaneous communication and energy harvesting can be
realized. The operating parameters of the solar panel have a
strong non-linear relationship with the irradiance levels over
the device. Nonetheless, it was demonstrated that a small-
signal linear model is capable of capturing the communication
functionality of the solar-panel-based receiver. Experimental
results showed close agreement with the presented theory,
and demonstrated the feasibility of a communication link at
a data rate of 11.84 Mbps with a BER of 1.6 × 10−3 for a
received optical signal with a peak-to-peak amplitude swing of
0.7× 10−3 W/cm−2. The conducted experiment demonstrated
the existence of an optimal set of design parameters for the
receiver circuitry. The presented theory can be used for the pre-
diction of the optimized parameters that maximize the receiver
SNR. Non-linear distortion showed significant effects on the
performance in a high-SNR scenario. This limits the achievable
SNR levels and puts a constraint on the achievable data rate.
Future work will study the non-linear distortion in more detail
in an attempt to improve the performance characterization of
the solar-panel-based receiver.
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